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WHITE AND UNSATURATED COLOR ORGANIC LIGHT EMITTING 

DIODES 
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AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill - NJ 07974. 



ABSTRACT 

We describe the principles of operation and device characteristics of novel organic light 
emitting diodes in which the emission originates in a number of optically active layers. The 
effective emission color can be controlled by adjusting the thicknesses of the individual layers, 
and in this manner white and other unsaturated color LEDs with external quantum efficiency > 
0.5% have been fabricated. The maximum luminance that has been achieved is ~ 4,700 Cd/m 2 

INTRODUCTION 



White organic electroluminescent devices are anticipated to find use in a number of 
applications such as backlights. Numerous approaches, based on different physical mechanisms, 
have been successfully employed to realize white or near-white LEDs [1-5]. Indeed, the many 
approaches that have been tried are a testimony to the rich variety of device phenomena that one 
encounters in the field of organic electroluminescence, and also to the many degrees of freedom 
available in device design. Our approach to realize white and other unsaturated color LEDs is 
based on the well known 8-hydroxyquinoline (Alq)/triphenyl diamine (TAD) system [6]. The 
blue component of the spectrum is augmented by introducing a thin layer of a blue-green 
emitting material between the Alq and the TAD. The use of a dye-doped Alq layer in the device 
adds to the red component of the combined emission spectrum. In this manner, efficient (0.7% 
external quantum efficiency) and bright (4750 Cd/m 2 ) LEDs have been fabricated with emission 
colors that are close to white. 



RESULTS and DISCUSSION 



> h s Alq/TAD LEDs in which the Alq and TAD thicknesses are typically 60 nm each have 

external quantum efficiencies of 0,5-0.6% with Li/Al cathodes and 0.3% with Al cathodes. The 

Am. fabrication of such LEDs are described in Refs. 7 and 8. Introducing a thin layer of 2^napthyl - 

4 1 5-bis(4-methoxyphenyl)-I,3-oxazole (NAPOXA) between the Alq and TAD causes the 
emission spectrum to shift to the blue (shown in Fig. 1). The external quantum efficiency, 
however, remains practically constant for small thicknesses ( < 20 nm) of NAPOXA. The 

Am ' increasing blue component of the emission spectrum, as the thickness of the NAPOXA is 

increased, originates in the NAPOXA layer. Indeed, the electroluminescence (EL) spectrum of 

/. $ . LEDs with a thick NAPOXA layer are almost identical to the photoluminescence spectrum of 

thin films of NAPOXA Additional control studies described in Ref. 7 offer further evidence 
that the origin of the increased blue component is the NAPOXA and not the TAD. This is 
important since we wish to avoid any light emission from the TAD layer. 

An examination of the fraction of the total light that is emitted from the Alq layer (as a 
function of the thickness of the NAPOXA layer) will help optimize the thicknesses of the 
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Fig. 1 Normalized electroluminescence spectra of Alq/NAPOXA/TAD LEDs as a 
function of NAPOXA thickness X On Angstroms) 




NAPOXA Thickness (A) 

Fig. 2 Fraction of the total LED light output originating in the Alq as a function of 
NAPOXA thickness. Also shown b a fit to the data points. 
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individual layer thicknesses in the design of the white JLEDs to be described below. Such 
estimates may be made from Fig. 1 by integrating the long wavelength portions (> 550 nm) of 
the curves and assuming that when the thickness of the NAPOXA is 60 nm, all the light 
originates in it [9], The results of such an analysis are plotted in Fig. 2. The experimental points 
lie along a decaying exponential, which is not at all surprising. 

It may be seen from Fig. 1 that as the thickness of the NAPOXA layer is increased, the blue 
component of the emission spectrum is increased and the red component reduced. It is 
necessary to boost the red component of the combined emission if the effective color is to 
approach white. The use of small amounts of fluorescent dye dopants in Alq has been shown by 
Tang et aL to alter the EL spectrum and enhance the quantum efficiency [6]. Since that report, 
many dyes have been successfully employed as dopants in Alq and other materials to change 
emission color and/or improve efficiency. The £1 spectrum of Alq doped with small amounts 
(<2%) of DCM is red shifted [6]. We introduced a thin layer of Alq doped with 03-0.5% DCM 
in our device structure designed for white light emission (shown in Fig. 3). The purpose of this 
layer is to boost the red component of the NAPOXA/Alq emission. It was found that if the 
DCM jloged Alq layer was to close to the NAPOXA, the blue and green components of the 
combined emission spectrum are suppressed. It was therefore necessary to have an undoped 
Alq layer between the NAPOXA and DCM-Alq layers, as shown in Fig, 3. Adjusting the 
thickness of this undoped Alq layer allows us to control the combined emission spectrum. This is 
illustrated in Fig. 4 where the EL spectra of two devices which possess the structure shown in 
Fig. 3, The devices possess identical layer sequences and thicknesses with the exception of the 
undoped Alq layer which is 20 nm in one device and 30 nm in the other. It can be seen that the 
emission spectrum of the device with a 20 nm undoped Alq layer has a peak near 575 nm 
whereas the device with a 30 nm thick Alq layer has a broad emission spectrum with significant 
blue, green, and red components. The device with a 30 nm thick AJq layer has CDE coordinates 
of (0.31,0.41), which are the closest to white (0.33,0.33) that we have achieved. Subtracting a 
small amount of green from the spectrum will move the CIE coordinates closer to those of pure 
white. The CIE coordinates of the device with a 20 nm undoped Alq layer are (0.41,0,49). For 
comparison, the CIE coordinates of Alq/TAD LEDs are (0.39,0.56) [3]. 

The external quantum efficiencies of LEDs with structures shown in Fig. 1 and Fig. 3 are similar 
(0.5-0.7% external with Li/Al contacts). The whitest LED with CIE coordinates (0.31,0.41) 
had an external efficiency of 0.7%, and a maximum luminance of 4750 Cd/m 2 (at 20 V and 380 
mA/cifi )/ The current-voltage and light output (proportional to the photocurrent output of a Si 
photodiode) characteristics of a Alq/NAPOXA/TAD LED are shown in Fig. 5, and are typical of 
many of the LEDs that were evaluated. 

The white and unsaturated color LEDs we have described may find application as ultra-thin 
backlights [10]. The material system that we developed to get white LEDs (with multiple 
emitting layers) will also be very useful in a number of microcavity LED applications which we 
have proposed. These include a multimode microcavity enhanced three-color backlight , and a 
patterned single mode microcavity LED- based architecture to achieve full color displays [11]. 
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Fig. 3 Layer structure of the white/unsaturated color LEDs. Most of the blue light 
originates in the NAPOXA, The NAPOXA and Alq layer adjacent to the NAPOXA 
contribute much of the green component and the DCM doped Alq together with the 
undoped Alq is the source of red part of the combined emission spectrum. 
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Fig. 4 Electroluminescence spectra of two LEDs with a layer structure shown in Fig. 3 
with different undoped Alq thicknesses ( 20 nm and 30 nm). 
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Fig. 5 Typical current-voltage characteristics of AJq/NAPOXA/TAD LEDs, Also shown is the 
light output as measured by the photocurrent from a Si photodiode placed very close to the 
LED. 
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